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Summary: Positron emission tomography regional CBF (rCBF) studies of cognitive processes have traditionally required 30--60 mCi of H21S0 per scan and intersubject averaging to achieve statistical significance. However, in tersubject anatomical, functional, and disease variability can make such an approach problematic. A new method that produces significant results in single subjects is pre sented. It is based upon high-sensitivity three dimensional imaging and a "slow" bolus administration of < 15 mCi of H21S0 per scan. The method is validated in four normal volunteers using control and auditory language activation tasks with four scans per condition and statistical parametric mapping analysis. It is demon strated that the rCBF distribution associated with the Functional brain imaging of regional CBF (rCBF) with positron emission tomography (PET) provides an in vivo index of localized synaptic activity asso ciated with cognitive and behavioral states in hu mans (Raichle, 1987) . 150-labeled water, despite some limitation in diffusion (Eichling et aI., 1974) , is currently the preferred CBF tracer because of its short half-life (2.05 min), ease of production and use, and low toxicity (Lammert sma and Mazoyer, cognitive state is detected during the arrival of radio tracer in the brain. This occurs over 30 s and constitutes a crit ical temporal window during which stimulation should be performed. A 90-s acquisition time is found to produce results of greater significance than a 60-s acquisition time. The implications of the results and the functional neuro anatomical findings are discussed. This method is suitable for the study of individual functional neuroanatomy in many neuropsychological, pharmacologic, and symptom states in normal subjects and in patients with psychiatric and neurologic disorders. Key Words: Functional brain imaging-ISO-labeled water-Positron emission tomog raphy-Regional cerebral blood flow-Single-subject analysis-Slow bolus technique. 1990). Qualitative subtraction studies utilizing 30-60 mCi of H2150 per scan and a two-dimensional scanning technique (with interplane septa) have provided valuable information concerning func tional neuroanatomy (Posner et aI., 1988; Zeki et aI. , 1991) . However, limitations on acceptable doses of administered radioactivity and limitations of scanner sensitivity have necessitated the use of multiple subjects to obtain results of statistical sig nificance. While intersubject averaging may in crease the generalizability of results, it introduces additional problems associated with intersubject an atomical, functional, and disease variability (Fris ton and Frackowiak, 1991; Raichle et aI., 1991; Watson et aI., 1993) . It is therefore desirable to be able to perform within-subject analyses of activa tion studies. The possibility of single-subject stud-ies also raises the issue of examining transient or randomly occurring brain or mental states that con stitute signs or symptoms in individual patients. An ideal single-subject technique should therefore have a well-defined temporal window and permit signal averaging to allow the study of events not under direct experimental control.
Recent technical and methodologic developments in PET have made it possible to scan with inter plane septa retracted, enabling three-dimensional (3-D) acquisitions of all possible lines of response within and across planes (Townsend et aI., 1989) . This results in greater detection of true events and permits scanning at lower administered activities where random coincidence rates and dead time are less problematic. A fully 3-D reconstruction algo rithm takes maximal advantage of the increased sig nal, providing increased sensitivity without a signif icant decrement in resolution (Townsend et aI., 1991) . H 2 150 can therefore be given in lower doses, producing significant gains (of four-to fivefold) in noise equivalent count rates (NECs; a signal-to noise measure) and allowing a greater number of scans to be performed on each subject (Bailey et aI., 1991a) . The combination of these factors results in increased statistical power.
The aim of this study was to determine whether the increased sensitivity of a 3-D technique would enable the detection of statistically significant changes in rCBF associated with a cognitive acti vation task in single subjects. To validate the tech nique and to characterize its temporal window, a single-subject activation paradigm was designed with several considerations in mind. H 2 150 was ad ministered as a "slow" bolus to avoid some of the timing and statistical errors (Dhawan et aI., 1986; Iida et aI. , 1986; Lammertsma et aI., 1989) and in creased dead time associated with the rapid "auto radiographic" bolus method (Herscovitch et aI., 1983; Raichle et aI., 1983) while minimizing the de cay, CBF nonlinearity (lida et aI., 1991), and task habituation problems associated with the longer stimulation and scanning times of a ramp infusion method (Colebatch et aI., 1991) . The slow bolus re sulted in the delivery of tracer to the brain over a period of 30 s. It was reasoned that this input phase would constitute a critical period during which the rCBF distribution would be detected. Therefore, in the activation condition, 30 s of auditory stimula tion was timed to coincide with this 30-s interval. Stimulation before and after the rising interval was also performed to define the boundaries of the tem poral window during which brain activity was being measured. H2150 was delivered serially in low doses to allow signal averaging within conditions J Cereb Blood Flow Metab. Vol. 13. No. 4. 1993 for a single subject. A range of doses, from 5 to 21 mCi per scan, was used to determine the lowest practical dose that provides sufficient NECs for the detection of a focal rCBF activation in a single sub ject and to determine the relationship between NECs and administered radioactivity with this tech nique. Double-frame data acquisition (60 s + 30 s) was used to allow for a comparison of different ac quisition times. Acquisition time is known to have significant effects on counting statistics, linearity to flow, intravascular signal, and errors due to disper sion, time mismatch, tissue heterogeneity, and par tition coefficient (Koeppe et aI., 1987; Kanno et aI., 1991) . Sixty-second and ninety-second acquisition times were chosen based upon the trade-off be tween flow information and error sensitivity (Kanno et aI., 1987) to determine the parameters of an optimal clinical functional brain-imaging para digm.
METHODS

Subjects
The subjects were four normal male volunteers aged 26-30 years who gave informed consent. All were right handed and had no history of psychiatric or neurologic illness.
H2 1 5 0 administration
Five to 21 mCi of HZ150 in 3 ml of normal saline was loaded into intravenous tubing over 20 s and flushed into the subject over 20 s at a rate of 10 mllmin by an auto matic pump. After a delay of 35 s, a rise in counts was detected in the head, which peaked 30-40 s later (depend ing on individual circulation time). The interval between successive H2150 administrations was 10 min. The pro cedure for administering radioactivity was covered under an approval by the local ethical committee and the Ad ministration of Radioactive Substances Advisory Com mittee (U.K.).
NEC determination
The global NEC, a measure of signal-to-noise, was cal culated for the background-and dead time-corrected im age data of subjects 1, 2, and 4 using the following equa tion:
where Tis unscattered + scattered true counts, R is ran dom counts, SF is scatter fraction ( = 0.31, based upon phantom line sources, assuming an average head diame ter of 18 cm) (Spinks et aI., 1992) , andfis fraction of field of view subtended by the head ( = 18 cm/50 cm = 0.36) (Strother et aI., 1990) .
Control and activation tasks
All four subjects were scanned in two conditions, and in addition, two of the subjects were scanned in a third condition. Four scans were obtained in each condition. Each session therefore consisted of 8 or 12 scans accord-ingly. The order of the conditions was balanced to avoid systematic time and order effects. In all conditions the subjects were in a supine position with their heads in customized head molds. An intravenous line was placed in the right antecubital vein. Their eyes were closed, ear phones were inserted, and a button-pressing device was held in their right hand. The button was linked to a pulse generator that produced a signal (logged every second by a Sun computer) that could be superimposed upon the simultaneously recorded total head counts. The room was dark with only low-level background noise. The experi mental paradigm is illustrated in Fig. 1 and the conditions were as follows:
Condition 1: control (all four subjects). The subjects were instructed to relax and to press the button with their right thumb if, and for as long as, they heard sentences spoken through the earphones. No sentences were pre sented in this condition. This task represents auditory attention and preparatory set. Condition 2: auditory sen tence presentation during the rising phase of the head curve (all four SUbjects). The instructions were the same as for condition 1, but this time prerecorded single words or short sentences (mean length 3.7 words, range 1-12 words) of random content were presented binaurally with normal prosody at an average rate of 2.1 words/so The auditory stimulation was 30 s in duration, coinciding with the rising phase of the head curve. This task represents auditory sentence monitoring and sustained button press ing. Condition 3a: auditory sentence presentation before the rising phase of the head curve (one subject). The in structions were the same as for condition 1 and the stimuli were the same as for condition 2. However, in this con-
dition the 30 s of auditory stimulation preceded, and fin ished 2 s before, the rising phase of the head curve. Con dition 3b: auditory sentence presentation after the rising phase of the head curve (one subject). Again, the instruc tions were the same as for condition 1 and the stimuli were the same as for condition 2. However, in this con dition, the 30 s of auditory stimulation immediately fol lowed the peak of the head curve.
Data acquisition and image reconstruction
Scans were obtained with a PET scanner (953B; Sie mens-CT!, Knoxville, TN, U.S.A.) with the interplane septa retracted (Spinks et aI., 1992) . This scanner utilizes block technology detectors and contains 16 individual rings, each 6.5 mm thick axially, which results in a total of 31 measured planes (direct and cross). In 3-D mode, the scanner is able to acquire 256 oblique sinograms, one between any pair of opposing detectors. This is unlike the normal two-dimensional mode with septa, which limits sinograms to small (typically fewer than three) ring dif ferences and results in projections orthogonal to the axial plane of the scanner (Bailey et aI., 1991a) .
A 20-min transmission scan using rotating rods of 68Ge/ 68Ga was performed for attenuation correction. A 30-s frame for background activity correction was obtained before each administration of H 2 150. After a 35-s delay, data were acquired in two consecutive frames of 60 and 30 s, beginning 0-5 s before the rising phase of the head curve. Data from the two frames were summed to gener ate a 90-s image that could then be compared with the single-frame data of the 60-s image.
The images were reconstructed into 31 slices with a 3-D SLOW BOLUS TECHNIQUE
Head Curve
FIG. 1. The slow bolus tech nique. The timing of H2150 ad ministration, cognitive stimula tion, and data acquisition are shown with respect to each other and with respect to the head curve (counts per second detected over time). On the x-axis, time = 0 corresponds to the initiation of the scanning (acquisition) protocol, which in cludes a background frame, de lay interval, and two data collec tion frames. The H2150 adminis tration protocol begins 90 s earlier with the buildup of ra diotracer that is subsequently loaded into the intravenous line and flushed into the patient. In this study, auditory stimulation was performed before, during, or after the risi ng phase of the head curve.
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algorithm (Townsend et aI., 1991) in which back projection was performed at non orthogonal angles to the axis of the scanner. A Hanning filter with a cutoff fre quency of 0.5 cycle/s was used at this stage, giving a transaxial resolution of 8.5 mm full width at half maximum. The reconstructed images contained 128 x 128 pixels, each measuring 2.006 x 2.006 mm.
Image analysis
Image analysis was performed on a SPARC 2 Worksta tion (Sun Microsystems, Europe, Surrey) using statistical parametric mapping (SPM; SPM Software, MRC Cyclo tron Unit, London, U.K.) and an interactive image dis play software package (Analyze; Biodynamic Research Unit, Mayo Clinic). Calculations and image matrix ma nipulation were performed in PRO MATLAB (Math works, New York).
The 31 original contiguous 3.5-mm scan slices were in terpolated to 43 planes to render the voxe1s approxi mately cubic. All images were aligned on a voxel-by voxel basis using a 3-D automated algorithm (AIR Soft ware) (Woods et aI., 1992) . The intercommissural (anterior commissural-posterior commissural) line was identified according to a previously described method (Friston et aI., 1989) and the volume transformed into the standard stereotaxic space utilized in the atlas of Talai rach and Tournoux (1988) . The stereotactically normal ized images contained 26 planes of 2 x 2 x 4-mm voxels corresponding to the horizontal sections in the atlas. Each image was smoothed with a Gaussian filter 10 mm wide to increase the signal-to-noise ratio and to accom modate normal variability in functional and gyral anat omy for group analysis.
Differences in global activity were removed following an analysis of covariance (Friston et aI., 1990) with global counts as covariate and control or activation condition as treatment. This analysis was performed for every pixel and generated a mean pixel value with associated error variance for each condition. Differences in the adjusted condition means were assessed for single subjects and for the group as a whole using the t statistic. For each com parison between control and activation conditions, foci of 8 significant increases and decreases of activity were iden tified and images of the pixel t values were created (Fris ton et aI., 1991) . The omnibus significance of these SPMs was assessed by comparing the expected and observed number of pixels above a significance threshold of p < 0.01 or p < 0.001 using the x 2 -statistic. The SPM {t} val ues were also transformed to the unit Gaussian distribu tion using a probability integral transform so that changes could be reported as Z scores. The SPMs were displayed as volume images of the highest t values in three orthog onal projections. To indicate the change in cerebral ac tivity between conditions, the rCBF equivalents were cal culated for brain locations of special interest identified as significance maxima on the SPMs and then normalized to 50 ml/dl/min (Mintun et aI., 1989) . The adjusted rCBF represents a Gaussian-weighted condition mean rCBF over a 12-mm full width at half-maximum sphere centered on a local statistical maximum.
RESULTS
H2 1 s0 doses and NECs
Peak head counts ranged from 114,000 to 250,000 counts/s, with 60-81% true events and a 7-14% dead time. Highly significant results (p < 0.001, om nibus) were obtained in all subjects, including sub ject 4, who received 5-10 mCi of H/ 50 per scan.
Global NEC values rose with increasing dose. NECs per millicurie were plotted against adminis tered dose of radioactivity in the three subjects (l, 2, and 4) for whom data were available (Fig. 2) . A linear relationship with a negative slope was ob served. Lower doses provided more NECs per mil licurie, with a two-to threefold gain at 5 mCi com pared with 20 mCi. Over the range of doses, the 90-s acquisition time provided an average gain of 1. 6fold in NECs per millicurie compared with the 60-s acquisition time. 
Significance levels
When the control and activation conditions were contrasted, profiles of significant relative increases and decreases in cerebral activity were obtained. The main comparison was between condition 2 (stimulation during the rising phase of the head curve) and condition 1 (control). In single subjects with four scans in each condition, the profiles of increases (at a threshold of p < 0.001) and de creases (at a threshold of p < 0.01) demonstrated brain regions comparable with those obtained when intersubject averaging (at a threshold of p < 0.001) was performed (Fig. 3) . The Z scores for the in creases were generally of larger magnitude than those for the decreases (see Tables 2-5 ). Changes in adjusted rCBF values as small as 5% were detected at a level of p < 0.001.
Timing of stimulation
Stimulation before and after the rising phase of the head curve (conditions 3a and 3b) did not result in significant profiles of increased or decreased ac tivity when contrasted with control condition 1 (Ta ble 1). 
Acquisition time
The 90-s acquisition time produced whole-brain significance profiles with higher x 2 -values and (with one exception) more significant p values than did the 60-s acquisition time (Table 1) . The exact loca tion of local maxima within a given functional area varied with the acquisition time in a nonsystematic fashion. The 90-s acquisition time provided higher NEC values and generally produced higher Z scores. It also resulted in less variability among the subjects (and between individual subjects and the group) with regard to the percent change in adjusted rCBF for a given functional region (Tables 2-5 ).
Group analysis with 90-s acquisition time
With intersubject averaging, the main rCBF in creases in activation condition 2 relative to control condition 1 were detected in the superior and mid dle temporal gyri bilaterally [Brodmann's areas (BAs) 21, 22, 38, 41, 42] [ Table 3 ]. These areas con stitute auditory primary and association cortices, including Wernicke's area. The overall maximum (Z = 10.47) was located in area 22 on the right (Talairach coordinates x = 48, y = -20, z = 0). Increases were also seen in Broca's area and its right-sided homologue (BA 44, 45) . Other areas with smaller or less significant foci of activation included right supramarginal gyrus area 40, right insula, right supplementary motor area (SMA) 6, right prefrontal area 10, bilateral inferior frontal area 47, and right hypothalamus.
With intersubject averaging, rCBF decreases in activation condition 2 relative to control condition 1 were detected bilaterally in visual primary and as sociation cortices (BA 17, 18, 19) , parietal and mul timodal association cortices (BA 5, 7, 37, 39, 40) , prefrontal association cortices (BA 9,10), anterior (BA 24, 32) and posterior (BA 23, 29, 31) cingulate gyrus, premotor areas (BA 6, 8), and cerebellum (Table 5) .
Single-subject analysis with 90-s acquisition time
In subject 1, rCBF increases in activation condi tion 2 relative to control condition 1 were detected bilaterally in auditory primary and association cor tices, insula, and SMA. Increases in Broca's area and left inferior frontal area 47 were also observed. The overall maximum (Z = 6.86) was located in area 22 on the right (x = 44, y = -20, z = 0) (Table  3) . rCBF decreases were detected bilaterally in vi sual primary and association cortices, parietal and multimodal association cortices, prefrontal associ ation cortices, anterior and posterior cingulate gy rus, premotor areas, and cerebellum (Table 5) . Very small isolated areas of less significant decrease were detected in the left thalamus, parahippocam- pal gyrus, and motor cortex and in association cor tices bilaterally. In subject 2, rCBF increases were detected bilat erally in auditory primary and association cortices and insula. Increases in the right-sided homologue of Broca's area and left inferior frontal area 47 were also observed. The overall maximum (Z = 8.26) was located in area 22 on the right (x = 52, y = -18, Z = 8) (Table 3) . rCBF decreases were de tected bilaterally in visual primary and association cortices, parietal and multimodal association corti ces, prefrontal association cortices, anterior and posterior cingulate gyrus, premotor areas, and cer ebellum (Table 5 ). Very small isolated areas of less significant decrease were detected in the right thal amus and in sensorimotor cortices bilaterally.
In subject 3, rCBF increases were detected bilat erally in auditory primary and association cortices. Increases in the left insula were also observed. The overall maximum (Z = 5.49) was located in area 21122 on the right (x = 52, y = -12, Z = -4) ( Table 3) . rCBF decreases were detected bilaterally in visual primary and association cortices, prefron- Vol. 13, No. 4, 1993 tal association cortices, anterior and posterior cin gulate gyrus, premotor areas, and cerebellum (Ta ble 5). Very small isolated areas of less significant decrease were detected in the right caudate and in sensorimotor and association cortices bilaterally.
In subject 4, rCBF increases were detected bilat erally in auditory primary and association cortices, insula, supramarginal gyrus, and SMA. Increases in Broca's area and its right-sided homologue and in left inferior frontal area 47 were also observed. Very small isolated areas of activation were de tected in the anterior and posterior cingulate gyrus and in area 18. The overall maximum (Z = 7.15) was located in area 22 on the right (x = 50, y = -10, Z = -4) ( Table 3) . rCBF decreases were de tected bilaterally in visual primary and association cortices, prefrontal association cortices, posterior cingulate gyrus, and premo tor areas. Decreases in the left anterior cingulate gyrus and right cerebel lum were also observed ( Table 5 ). Very small iso lated areas of less significant decrease were de tected in the right parahippocampal gyrus and in association cortices bilaterally. Values are the Z score, Talairach atlas coordinates, and percent change in adjusted regional CBF (rCBF) for regional maxima. The coordinates are in mm; x is the lateral distance from the midline (positive = right), y is the anterior-posterior distance from the anterior commissure, and z is the height above the intercommissural line. R, right; L, left.
a Brodmann's area (BA) in which the local maximum Z score occurred. b Region present at an SPM{t} threshold of p < 0.0 1.
C Region not present at an SPM{t} threshold of p < 0.0 1.
DISCUSSION
The single-subject paradigm
Single-subject analysis avoids the confounding effects of anatomical, functional, and disease vari ability in normal subjects and in patients with psy chiatric or neurologic disease. This permits a more rigorous correlation of specific brain states with particular cognitive, perceptual, affective, and be havioral states. In addition, the effect of individual task performance, strategy and laterality can be more easily assessed. Within-subject PET magnetic resonance coregistration, which provides a direct mapping of function onto structure, can TABLE 3. Increases in brain activity (activation versus control), 90-s acquisition time: single-subject and group analyses (p < 0.001)
Regions of activation
Maxima and BAs Subject 1 15 (50, -10, -4) 11.6 21, 22a, 40, 42, insula 4.50 (-56, -42, 0) 7.3 21a, 22, 38, 40, 42, insula 3.23 (36, 20, 16) 5.1 45a 3.47 24, 0) 6.9 6, 45, 47a Group 10.47 (48, 0) 10.7 21, 22a, 38, 40, 41, (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) 0) 9.4 21a, 22a, 38, 41, 42 4.9 1 (44, 24, 12) 5.9 44, 45a, 16, 45, 47a Values are the Z score, Talairach atlas coordinates, and percent change in adjusted regional CBF (rCBF) for regional maxima. The coordinates are in mm; x is the lateral distance from the midline (positive = right), y is the anterior-posterior distance from the anterior commissure, and z is the height above the intercommissural line. R, right; L, left. Values are the Z score, Talairach atlas coordinates, and percent change in adjusted regional CBF (rCBF) for regional maxima. The coordinates are in mm;
x is the lateral distance from the midline (positive = right), y is the anterior-posterior distance from the anterior commissure, and z is the height above the intercommissural line. R, right; L, left. a Brodmann's area (BA) in which the local maximum Z score occurred.
b Region not present at an SPM{t} threshold of p < 0.01. also be performed. Case studies of the same patient in different symptom and treatment states are pos sible as well. Group analysis is not precluded. In deed, a combined within-subject and group analysis is easily performed and can help to clarify the rela tionship between subject-specific and relatively in variant modes of processing. The single-subject paradigm described in this ar ticle relies fundamentally on 3-D acquisition and re-J Cereb Blood Flow Metab, Vol. 13, No. 4, 1993 construction techniques that provide more statisti cal information for a given administered dose of ra dioactivity imaged for a given period of time. Using a scanner with retractable septa (now commercially available), it is therefore possible to use one-half to one-quarter of the conventional dose per scan and perform more scans without increasing the risk to the subject. In fact, with this technique, the lowest doses were found to result in the greatest gain in (-26, -76, -20) (-16, -36, -20) (-38, -42, -20) (-40, -44, -20) % rCBF change 6.6 5.0 6.2 4.3
Values are the Z score, Talairach atlas coordinates, and percent change in adjusted regional CBF (rCBF) for regional maxima. The coordinates are in mm;
x is the lateral distance from the midline (positive = right), y is the anterior-posterior distance from the anterior commissure, and z is the height above the intercommissural line. R, right; L, left. " Brodmann's area (BA) in which the local maximum Z score occurred.
b Region not present at an SPM{t} threshold of p < 0.01. signal per millicurie, and significant results were obtained in subject 4 with only 5-10 mCi of H 2 150 per scan. A dose range of 10-15 mCi can be re commended as this amount balances the gains achieved at lower doses with the increased counting statistics obtained at higher doses. Even with the low doses used in this study, activations as small as 5% were detected when two conditions were com-pared using just four scans for each condition. Four scans per condition minimizes the effects of varia tions in response magnitude and permits signal av eraging, while allowing several conditions to be contrasted in a single study session for an individual subject. If more sampling of each condition is de sired, five or six scans per condition can be per formed.
Temporal window
The 3-D slow bolus technique, as described, has a temporal window of 30 s. This is long enough to provide adequate sampling while brief enough to minimize patient distraction and task habituation. To our knowledge, this is the shortest discrete ac tivation to be demonstrated with PET to date, and the first time tracer arrival time has been used to define the temporal window in a clinical activation paradigm. The results for conditions 3a and 3b dem onstrated that stimulation before and after the rise of the head curve did not contribute significantly to the resultant image, regardless of acquisition time. This underscores the tight temporal coupling be tween rCBF and localized neuronal activity as well as the primacy of the radioactivity input phase. Such information can be of help in the design of stimulation studies and in the analysis of images of transient or fluctuating conditions. For routine studies 45 s of stimulation can be recommended, as this duration allows the subject to become engaged in the task a few seconds before the head curve rises and ensures that stimulation occurs through out the rising phase in subjects with slightly differ ent circulation times. The shorter stimulation time of 30 s may be used if the head curve is monitored during the scan and the delivery of stimulation is timed precisely to correspond to the rising phase. In addition, the contribution to an image of a brief, variable sign or symptom may be determined using a correlational analysis relating the timing and du ration of the measured event to the timing and du ration of the rising phase.
Acquisition time
The similarity in the SPM profiles obtained with 60-and 90-s acquisition times is consistent with the demonstration that the image is predominantly determined during the 30-s critical phase. There was, however, some variation in the location of significance maxima within a given region of acti vation. The data for the two acquisition times indi cate that the 90-s acquisition time provided better counting statistics with a greater signal-to-noise ra tio and resulted in higher Z scores. The 90-s acqui sition time also resulted in less variability among adjusted rCBF change measurements. These find ings are in keeping with the observation of im proved signal-to-noise ratios with 90-to 120-s ac quisition times for the autoradiographic method (Kanno et al., 1981) . They also suggest that ra diotracer diffusion and washout do not pose a sig nificant problem over this time scale. Therefore, a single 90-s frame is recommended for use in this paradigm.
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Single-subject versus group analysis
In the main comparison between condition 2 (stimulation during the 30-s rising phase of the head curve) and condition 1 (control), the single-subject analysis for rCBF increases produced highly signif icant results comparable with those obtained with the group analysis (p < 0.001, omnibus). This level of significance has been shown to protect against false-positives (Bailey et al. , 1991b) . Results may also be viewed at the p < 0.01 level to identify statistical trends or areas of slightly lesser, but nonetheless genuine, activation.
The rCBF decreases were more widespread and variable and tended to be of lesser significance. With single-subject analysis, areas of maximal de crease were significant at the p < 0.001 level; how ever, a p < 0.01 threshold produced a profile that was more like that of the group analysis (which was performed at the p < 0.001 level). While normaliza tion for global activity may necessarily result in small, widely distributed decreases, statistically sig nificant negative peaks are thought to be of import, particularly when more complex behavioral states are compared (Fox, in Chadwick and Whelan, un published observation, 1991) . Such decreases may reflect inhibition due to system connectivity , selective attention with depression of modalities not being attended to (H. Jenkins et al., personal communication), or relative increases in activity during a nonrest control task.
While there was good concordance overall be tween the SPM profiles for the single-subject and group analyses, not every area observed in the group SPM was observed in each of the single subject SPMs, and not every area observed in each single-subject SPM was observed in the group SPM. In other words, the single-subject profiles were similar, but were not all identical. For exam ple, subject 2 had a greater degree of lateralization in superior temporal response, and subject 3 had less inferior frontal activity (present at the p < 0.01 level), associated with the activation task. This may be due to individual functional-anatomical variabil ity in organization or strategy regarding language functions (Mazziotta et al., 1982; Ojemann, 1983) . To the extent that this is the case, any discordance may be informative and may provide further evi dence for the value of single-subject studies. Alter natively, the degree of intersubject variability may not always be so great (Fox and Pardo, 1991) , and discordance may reflect a lack of specificity in the tasks employed or a lack of sensitivity of the tech nique. In either event, it should be noted that, in most cases, areas of discordance were those with lower Z scores that were present on only one plane.
Areas of cerebral activation
The main areas of increased activity associated with the activation task (representing auditory sen tence monitoring and sustained button pressing) constitute a bilateral auditory language network. Bi lateral superior and middle temporal (BA 21, 22, 38, 41, 42) and even left inferior frontal (BA 45, 47) activations have been observed when subjects sim ply listen to words (Nishizawa et aI., 1982; Petersen et aI., 1988; Frith et aI. , 1991; Zatorre et aI., 1992) . When lexical, phonological, pitch, semantic, or (si lent or vocal) articulatory processes are involved, unilateral or bilateral insula, parietotemporal (in cluding BA 40), and inferior frontal (BA 44, 45, 47) areas may be seen as well (Roland et aI. , 1981; Mazziotta et aI., 1982; Frith et aI., 1991; Wise et ai. , 1991; Zatorre et aI., 1992; Demonet et aI., 1992) . These areas, which were observed in this study, function as components of neurocognitive networks (Mesulam, 1990) and may be activated automati cally with the presentation of meaningful stimuli (McClelland and Rumelhart, 1981) .
Right-sided superior temporal maxima, as ob served in this study, have been found in many of the studies of verbal listening tasks cited above. This may reflect a lateralized difference in resting and activation rCBF values and their variability, a lat eralized attentional component, or, with stimuli of random content such as employed in this study, a lateralized affective component (Heilman et aI. , 1975) . The minimal SMA activity detected and lack of primary motor region activity reflect the fact that there was essentially no finger movement or voli tional planning during the activation task; the but ton remained depressed in response to an external stimulus throughout the entire rising phase of the head curve.
The areas of decreased activity associated with the activation task/increased activity associated with the control task (representing auditory atten tion and preparatory set) include visual, prefrontal, multimodal association, premotor, cerebellar, and cingulate regions. If these findings are due to re gionally specific phenomena, one reasonable inter pretation is that visual and high-order association cortices are inhibited or less active during the audi tory sentence monitoring/button-pressing task, while the parietal, cingulate, and SMA areas that constitute the posterior and anterior attentional sys tems (Posner and Rothbart, 1991) are more active during the auditory attention/preparatory set con trol task. It is unclear whether the cerebellar signal is the result of cerebellar involvement in motor pre paratory set or the result of an inaccuracy in the mapping of inferior occipital signal at the bottom of the scan onto the Talairach atlas. This raises two relevant points. First, SPM analysis does not re quire a priori determination of regions of interest. It is therefore more likely that new findings will occur, which can be tested and explored in subsequent studies. Second, the Talairach atlas represents one person's postmortem brain. The resultant problems associated with atlas mapping can be avoided by using single-subject techniques, such as this one, that permit intrasubject PET-magnetic resonance coregistration.
CONCLUSION
We have described a PET paradigm utilizing high-sensitivity 3-D scanning with low doses of H2150 that allows the detection of small, statisti cally significant changes in rCBF associated with cognitive/behavioral states in single subjects. It consists of four scans per condition with each scan characterized by a slow bolus of 10-15 mCi of H2150, a 30-s critical period (corresponding to the arrival of radiotracer in the brain) during which the rCBF distribution is detected, 30-45 s of cognitive stimulation, and a 90-s acquisition time. This method was investigated and validated in normal volunteers using control and activation tasks and SPM analysis. It is a potentially valuable tool for the study of functional neuroanatomy in various neuropsychological, pharmacologic, and disease states. In addition, its well-defined temporal win dow provides a means of recording the maximum response associated with an experimental task and may allow the imaging of transient or randomly oc curring mental/brain states that are not under direct experimental control.
